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The paper covers the investigation of petroleum hydrocarbons biodegradation pro-
cesses in coastal systems taking into account the oil fractional composition as well
as hydrodynamic and chemical-biological features of water on supercomputer. A
complex of interrelated precision models was proposed to simulate the dynamics of
hydrocarbon microbiological degradation in coastal system. The high-order accu-
racy schemes are used for discretization of models due to which the computational
accuracy was significantly increased, and the calculation time was decreased. Exper-
imental software for predictive modeling the ecological situation in coastal system at
oil and other pollution because of natural and industrial challenges is designed on a
multiprocessor computer system.
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1. Introduction

The oil and oil products are one of the many harmful substances of anthropogenic origin
in the Azov Sea. Sources of oil pollution: river runoffs; wastewater from enterprises located
in coastal zones; drilling mud and sludge discharges at oil and gas well drilling; dumping of
polluted bottom sediments of port zones; atmospheric precipitation and aeolian depositions.
Note that the mud volcanoes in Temryuk Bay repeatedly caused local sea pollution with oil
products. However, the main source of oil pollution is shipping, the intensity of which increases
alongside cargo turnover every year. Petroleum products are among the priority pollutants and
included in the list of mandatory indicators, which are controlled at water pollution monitoring
in accordance with Russian and international regulations. The danger of water oil pollution
is associated with the presence of compounds, dangerous both to the life of aquatic organisms
and to their functional situation. Oil spills lead to the toxic conversion and death of plankton
organisms since the oxygen supply stops, fish and fry destruction of rivers, streams, lakes and
seas. The oil has a toxic effect on phytoplankton at concentrations of 10−8 – 10−3 mg/l (cell
division slows down or stops, the main production decreases). Primary production of marine
phytoplankton with the oil concentration of 0.05 – 0.5 mg/l is reduced on 50%. Many hydrobionts
are characterized by the cumulative effect, the accumulation in a toxicant, and as a result they
become toxic dangerous [1].

Processing the most contaminated coastal zones, water vegetation may be performed by
the oxidizing biologic product of the “Oleovarin” family and mineral fertilizers, installation
of biofilter cascade with immobilized cells biopreparation and fertilizers, and the lemna and
chlorella algae introduction for water phytoremediation on the limited areas, enabling to intensify
the oxidation of diesel fuel in the surface water layer. Such technologies result for destruction
of hydrocarbons in water at high concentrations, regardless of partial water eutrophy and are
relatively cheap at the same time. Biosorbent include the hydrophobic oil sorbent as a carrier
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based on peat, and the oil-oxidizing microorganisms immobilized on the carrier in an effective
amount. The microorganism immobilization is carried out by the adsorption method with
obtaining individual sorbents: the bacterial sorbent with the Rhodococcus eqvi P-72-00 culture;
the yeast sorbent with theRhodotorula glutinis 2-4M culture; the mushroom sorbent with the
Trichoderma lignorum F-98 mycelial fungi. The biosorbent is used in conjunction with the
concentrated culture of Chlorella vulgaris Beijer microalgae with the ratio of components on
the dry matter, wt.%: the biosorbent of 90 – 97%, the biomass of Chlorella vulgaris Beijer
microalgae of 3 – 10%.

The most well-known programs for predicting the oil spill spread in water for today are: the
“Green Sea Ranger” model of the “Korea Research Institute of Ships and Ocean Engineering”;
application programs (SHIO, OSSM, CATS, GNOME Analyst) of the US Agency “National
Oceanic and Atmospheric Administration” (NOAA); the “Seatrack the Web” interactive nu-
merical model of the Swedish Institute for Meteorology and Hydrology (SMHI). However, many
models provide a good agreement between results of oil slick distribution modeling in real con-
ditions only at the initial stages of spill [2].

Analysis of numerical solution of the material transport model problem showed that time
costs are reduced for the explicit scheme at increasing the grid dimension. Modification of the
explicit scheme using the parameter-regularizater can simplify the restrictions on the permissible
value of time step [3]. In addition, explicit regularized schemes showed the time advantages (10
– 15 times and more), compared to the previously used conventional implicit and no-regularized
explicit schemes [4]. The variant of the finite volume method in the case of filling control domains
was proposed in [5], [6]. Algorithm of calculation in view the partial “fullness”’ cells without
flows associated with a stepwise boundary of representation on a rectangular grid. The proposed
method was applied to solve three-dimensional hydrodynamic problems [7–9]. Flow fields, used
for calculation the oil products transport, have been calculated on the basis of this model.
Schemes of high-order of accuracy are used for solving the oil products transport problem. Note
that the accuracy could be increase in 66.7 times in problem solution of diffusion model, and for
convection-diffusion problems – in 48.7 times.

2. Mathematical Model of Hydrodynamics

The input data of oil products transport problem are velocity vector fields of the water
flow, required for mathematical modelling the water environment. The initial equations of
hydrodynamics of shallow waters are [10], [11]:
– motion equation (The Navier-Stokes motion equation):

u′t + uu′x + vu′y + wu′z = −1
ρp
′
x + (µu′x)

′
x +

(
µu′y

)′
y

+ (νu′z)
′
z + 2Ω(v sin θ − w cos θ),

v′t + uv′x + vv′y + wv′z = −1

ρ
p′y +

(
µv′x
)′
x

+
(
µv′y
)′
y

+
(
νv′z
)′
z
− 2Ωu sin θ, (1)

w′t + uw′x + vw′y + ww′z = −1

ρ
p′z +

(
µw′x

)′
x

+
(
µw′y

)′
y

+
(
νw′z

)′
z

+ 2Ωu cos θ + g (ρ0/ρ− 1) ;

– continuity equation in the case of variable density can be written as follows:

ρ
′
t + (ρu)

′
x + (ρv)

′
y + (ρw)

′
z = 0, (2)

where u = (u, v, w) are velocity vector components; p is an excess pressure above the undisturbed
fluid hydrostatic pressure; ρ is a density; Ω is an Earth’s angular velocity rotation; θ is an angle
between the angular velocity vector and the vertical vector; µ, ν are horizontal and vertical
components of turbulent exchange coefficient.
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We consider the system of equations (1), (2) with the following boundary conditions:
– at the entrance (the mouth of Don and Kuban rivers):

u(x, y, z, t) = u(t), v(x, y, z, t) = v(t), p′n(x, y, z, t) = 0, u′n(x, y, z, t) = 0,

– the lateral boundary (beach and bottom):

ρvµu
′
n(x, y, z, t) = −τx(t), ρvµv

′
n(x, y, z, t) = −τy(t),

u′n(x, y, z, t) = 0, p′n(x, y, z, t) = 0,

– the upper boundary: ρµu′n(x, y, z, t) = −τx(t), ρµv′n(x, y, z, t) = −τy(t),

w(x, y, t) = −ω − p′t/ρg, p′n(x, y, t) = 0, (3)

– at the output (Kerch Strait):

p′n(x, y, z, t) = 0, u′n(x, y, z, t) = 0,

where n is outer normal vector to the boundary of computational domain; un is the normal
component of water flow velocity vector; pn is the normal component of pressure over hydrostatic
pressure; ω is a liquid evaporation intensity; τx, τy are tangential stress components (Van-Dorn
law); ρv is a suspension density.

Components of the tangential stress for the free surface:

τx = ρaCp (|w|)wx |w| , τy = ρaCp (|w|)wy |w| ,

where w is the wind velocity vector relative to the water; ρa is an atmosphere density, Cp(x) is
the dimensionless coefficient.

Cp (x) =





0.0088; x < 6.6 m/s

0.0026; x ≥ 6.6 m/s

is the non-dimensional coefficient.

Components of the tangential stress for the bottom based on this notation can be written
as follows: τx = ρCp (|u|)u |u|, τy = ρCp (|u|) v |u|.

On the basis of the measured velocity fluctuations the discussed below approximation is
required to the developing the coefficient of vertical turbulent exchange, heterogeneous by the
depth [6]:

ν = C2
s∆2 1

2

√(
∂u

∂z

)2

+

(
∂v

∂z

)2

, (4)

where ∆ is a grid scale; Cs is the dimensionless empirical constant, whose value is generally
determined based on the calculation of the decay of homogeneous isotropic turbulence. Grid
method was used for solving the problem (1) – (4) [12]. The approximation of equations by the
time variable was performed on splitting schemes into physical processes [13] using the pressure
correction method.

3. Mathematical Model of Oil Product Transport

The system of equations was used to describe the process of oil products transport, subject
to the evaporation of light, neutral and no-evaporating pseudofractions of oil spot, dissolution
of oil slick and biodegradation [14–17]:

(ci)
′
t + u(ci)

′
x + v(ci)

′
y = (µ∗(ci)′x)′x + (µ∗(ci)′y)

′
y − αi(T )− βi(ci)M, (5)

M ′t + (u+ uM )M ′x + (v + vM )M ′y = (µM ′x)′x + (µM ′y)
′
y + γM (ci)M − λM,
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(ϕi)
′
t + u(ϕi)

′
x + v(ϕi)

′
y + w(ϕi)

′
z = (µ∗(ϕi)′x)′x + (µ∗(ϕi)′y)

′
y + (µ∗(ϕi)′z)

′
z,

(ci)
′
n|(x,y∈γ) = 0, M ′n|(x,y∈γ) = 0, (ϕi)

′
n|x,y,z∈Γ\(z=0) = 0, (ϕi)

′
z|(z=0) = 0,

where ci is the concentration of the i-th oil fractions, i = 1, k; ρω, ρ are the water and oil
density respectively; µ∗ = µ+ (ρ− ρω)gh3/µ is the function describing the process of pollutant

decomposition; µ is the diffusion coefficient; g is the acceleration; h =
l∑
1
ci is the width of oil

slick; αi, βi are coefficients taking into account the decrease of light oil fraction concentration
due to the evaporation, dissolution and bacterial decomposition; M is the concentration of
microorganisms; uM = (uM , vM ), uM , vM are components of microorganism velocity relative to
the water; γM = γM (ci, T ) is the velocity of microorganism growth ; λ is the rate of cell death;
ϕi is a concentration of i-th oil fraction in dissolved state, i = k + 1, l.

Changes of the oil initial solubility are described by the equation:

Si = Si0e
−0.1t,

where Si0 is an initial oil solubility; t is the time, [day]. The coefficient of horizontal turbulent
diffusion depends on the hydrodynamic and climatic conditions in which the process takes place.
The coefficient of horizontal turbulent diffusion will be subject to the law of the “four thirds”
by Richardson for difficult hydrodynamic and climatic conditions of the Azov-Black Sea area
[1], [14]:

µ ≈ ε1/3L4/3, (6)

where L is the characteristic size of diffusing spots; ε is the rate of turbulent energy dissipation.
It is equalled to the order of 10−1 − 1 cm2/s3 at the surface and decreased at the average with
depth to values of the order of 10−4 − 10−3 cm2/s3. Boundary and initial conditions for the
one-shot volley oil spill were determined for solving the above systems of equations:

ci|t=0,(x,y)∈S0
= ci0, ci|t=0,(x,y)6∈S0

= 0,

where S0 is an area, covered by the spot; ci0 is the oil concentration in the considered area.

3.1. Modeling the Microbiological Destruction Processes of Oil and Oil Prod-
ucts

Chemical processes of oil and oil product transformation (the oxidation by molecular, atomic
oxygen, ozone, hydrogen peroxide) were taken into account at simulation. The photochemical
decomposition at full hydrocarbon molecules’ decomposition into simpler substances such as
CO2, CO, H2O under sunlight influence is occurred under the influence of ultraviolet radiation.

Biotic processes of oil and oil product transformation are more active. At the oil and oil
product decomposition by microorganisms, the hydrocarbon transformation processes of two
kinds occur. The processes, typical for the first type: hydrocarbons decompose to the low
molecular weight organic acids, which can participate in natural carbon cycles. In this case,
the following transformations are: the bioconcentration is the assimilation of carbon-containing
substances directly from the environment, without taking into account the income from the diet;
the biomultiplication is the assimilation of these substances in the diet; the bioaccumulation is
the assimilation according to the first and second type; the environmental enrichment is the
increasing of substance concentration in ecosystem at transformation from a lower level to a
higher. The second mechanism is the cometabolism. Because of the processes of oxidation,
reduction, hydrolysis, the xenobiotic are incorporated into macromolecules of organic substances.
The incorporating of petroleum hydrocarbon destruction products into the humus structure and
fixing is assumed possible. Transformation processes depend on the hydrocarbon composition
and the molecules structure of organic substances.
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Functional dependencies (observation models) were introduced to the system 5 for research-
ing the bioremediation processes of oil slick, including the evaporation, dissolution, biological oxi-
dation by microorganisms: γ(ci) = µmci/(ci+KS), where µm(T,C, I) is the maximum velocity of
microorganism growth; T is an ambient temperature over the spill surface; C is the water salinity;
I is the water illumination; KS is the saturation coefficient;
αi(T ) = (KEPi/(RT ) + KDSi)AXiM

m
i , KE = 2.5 · 10−3U0.78 is the mass transport coefficient

for hydrocarbon, [m/s]; U is the wind velocity, relatively to the water, [m/s]; Xi is the mole frac-
tion of i-th component, equaled to vi/

∑
vi; vi is an amount of i-th component substance, [mol];

Pi is the vapor pressure of i-th component, [Pa]; R is the universal gas constant, R = 8.314 J/mol;
A is an area of oil spill, [m2]; Mm

i is the molar mass of i-th component, [kg/mol]; KD = kKD0

is the coefficient of mass transport of dissolution; KD0 is the initial value of the mass trans-
port coefficient of dissolution; k is the coefficient, depending on the water situation; Si is the
dissolubility of i-th component in water, [kg/m3]; ϕi0 = KDSiXiM

m
i ; βi(ci) = γ(ci)/q, q is the

proportion coefficient between the amount of microorganisms and the absorbed substrate. We
assumed that the amount of microorganisms is maximum increased at the motion along the
gradient ci taking into account the food taxis (the movement of microorganisms in the direction
of increasing the concentration of food-oil fractions). We added the following equation to the
system (5) [18]:

(uM )′t + (u+ uM )(uM )′x + (v + vM )(uM )′y =

(
µ(uM )′x

)′

x

+

(
µ(uM )′y

)′

y

− αuuM + ki grad ci,

where M is a microorganism concentration (bacteria); αu is the coefficient of microorganism
inertial motion; ki is the taxis ratio.

We simulated the introduction of biosorbent, containing oil-oxidizing bacteria and the con-
centrated culture of the Chlorella vulgaris Beijer green microalgae, for researching the micro-
biological oil destruction process. The coefficient λ takes into account not only the mortality
of phytoplankton, but also the consumption of it by fish. We added two equations to the (5)
taking into account the mechanism of external hormonal regulation, the effect of mineral nu-
trition (biogenic substances), salinity, temperature and light on the growth and death of green
microalgae cells:

S′t + uS′x + vS′y + wS′z = (µS′x)′x + (µS′y)
′
y + (µS′z)

′
z − (α0 + γB)ψM +D(Sp − S) + f,

B′t + uB′x + vB′y + wB′z = (µB′x)′x + (µB′y)
′
y + (µB′z)

′
z + kBM − εB,

where S,B are concentrations of nutrient and metabolite of the Chlorella vulgaris Beijer green
algae, respectively; α = (α + γB) is the growth dependence (the Chlorella vulgaris Beijer
microalgae) due to the B; α0 is the growth rate of M in the absence B; γ is the impact parameter;
δ = δ(C) is the loss coefficient of phytoplankton due to the extinction (specific mortality), taking
into account the influence of salinity C; D is the specific pollutant rate; f(x, y, z, ) is the source
function of pollutants; Sp is the maximum possible concentration of pollutants; kp is the excretion
rate; ε is the metabolite decomposition of the coefficient B; ψ(I, T, S, C) is the coefficient taking
into account the effect of light, temperature, nutrient concentration S and C on the M .

4. Approximation of Oil Products Transport Problem

A two-dimensional convection-diffusion problem is considered for implementation the oil
product transport model in the form:

c′t + uc′x + vc′y = (µc′x)
′
x + (µc′y)

′
y

+ f (7)

with boundary conditions:
c′n(x, y, t) = αnc+ βn, (8)
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where u, v are water velocity components; µ is the turbulent exchange coefficient; f is the
function, describing the intensity and distribution of sources; αn, βn are given coefficients.

We introduced a uniform rectangular grid:

ωh = {tn = nτ, xi = ihx, yj = jhy;n = 0, Nt, i = 0, Nx, j = 0, Ny,

Ntτ = T,Nxhx = lx, Nyhy = ly},
where τ is the time step; hx, hy are spatial steps; Nt is the upper time boundary; Nx, Ny are
spatial boundaries; lx, ly are maximum dimensions of computational domain.

B.N. Chetverushkin [3] have been proposed to use the regularized schemes for increasing the
safety factor of explicit schemes. The modified equation was used for constructing the explicit
regularized scheme of the (7):

c′t +
τ∗

2
c′′t + uc′x + vc′y = (µc′x)

′
x + (µc′y)

′
y

+ f, (9)

where τ∗ ≈ h/c∗ is the regularization parameter; h is a grid step; c∗ is the sound velocity in
water. We added the regularizer (the second derivative of time difference with the factor τ∗);
the restriction on time step variable τ ≤ O(h3/2) is sufficient for the stability of explicit scheme.
This condition is less rigid in comparison with the condition for explicit no-regularized scheme.

We conducted the discretization of convective and diffusive transport operators of the second
order of approximation error in the case of partially filled cells as follows:

(q0)i,juc
′
x ' (q1)i,jui+1/2,j

ci+1,j − ci,j
2hx

+ (q2)i,jui−1/2,j
ci,j − ci−1,j

2hx
,

(q0)i,j(µcx) ' (q1)i,jµi+1/2,j
ci+1,j − ci,j

h2
x

− (q2)i,jµi−1/2,j
ci,j − ci−1,j

h2
x

−

− |(q1)i,j − (q2)i,jµi,j |
αxci,j + βx

hx
, (10)

where ql, l ∈ {0, 1, 2} are coefficients, describing the “fullness” of computational domains [11].
For model discretization of oil products transport problem we used the schemes of high-order

of accuracy [12].

5. Parallel Implementation as a Software Complex

Decomposition methods of grid domains were performed for computationally laborious
convection-diffusion problems in parallel implementation, taking into account parameters of
multiprocessor systems’ architecture. The maximum performance of multiprocessor computer
system (MCS) is equaled to 18.8 teraflops. 512 single-type of 16-core Blade-servers HP ProLiant
BL685c were used as computational nodes, each of which has the four quad-core AMD Opteron
processor 8356 of 2.3GHz and memory, equaled to 32 GB. The time costs, which are required for
the one time layer on various grids, acceleration and effectiveness values for different numbers
of MCS cores are given in the Table 1.

The experimental software complex (SC) was designed for mathematical modeling of shallow
water ecosystems on the example of the Azov-Black Sea basin on MCS. Through the “Azov3d”
SC we can construct the operational flow forecast turbulence of water environment – the veloc-
ity field on grids with high resolution. The SC was used for calculation the three-dimensional
velocity vector of the Azov Sea. The SC takes into account such physical parameters as: the
Coriolis force, the turbulent exchange, the complex geometry of bottom surface and coastline,
evaporation, river flows, wind-surges, wind currents and friction bottom, and provides the follow-
ing functions: the calculation of velocity field without pressure; the calculation of hydrostatic
pressure (use as an initial approximation for the hydrodynamic pressure); the calculation of
hydrodynamic pressure; the calculation of three-dimensional velocity field of water flow.
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Table 1. Acceleration and efficiency of the number of processors for one time layer

100×100 500×500 1000 × 1000 5000 × 5000

1 Time, s 0.000271 0.00846 0.03608 1.633

Acceleration 1 1 1 1

Efficiency 1 1 1 1

4 Time, s 0.000052 0.00341 0.00978 0.533

Acceleration 5.212 2.481 3.689 3.064

Efficiency 1.303 0.62 0.922 0.766

16 Time, s 0.000025 0.00054 0.00628 0.142

Acceleration 10.84 15.667 5.745 11.5

Efficiency 0.677 0.979 0.359 0.719

64 Time, s 0.000125 0.00016 0.00110 0.044

Acceleration 2.168 52.875 32.8 37.114

Efficiency 0.034 0.826 0.513 0.58

128 Time, s - 0.00040 0.00048 0.017

Acceleration - 21.15 75.167 96.059

Efficiency - 0.165 0.587 0.75

512 Time, s - - 0.00129 0.0072

Acceleration - - 27.883 228.36

Efficiency - - 0.054 0.446

The output parameters: steps by spatial coordinates; error of grid equations’ calculation;
grid dimension; time interval; the evaporation intensity; the initial distribution of velocity vector
components of water environment and pressure. New modules were designed and integrated to
this SC for calculation the oil products transport in view the evaporation of light, neutral and
no-evaporating pseudofractions of oil slick, dissolution and biodegradation. The water flow fields,
calculated on the basis of the mathematical model (1) – (4), is an input data for the oil product
transport model (5).

For calibration and verification of the developed hydrophysics models, included in the SC,
we used the “ESIMO” data [19] (Fig. 1), the NOAA data [20] (Fig. 2), the “Analytical GIS”
portal of the Institute for Information Transmission Problems of Russian Academy of Sciences
(Moscow) [21]. The National Aeronautics and Space Administration (NASA) data were used as
input data [22]; the Earth remote sensing data of the Scientific Research Center (SRC) “Planet”
[23] (Fig. 3, 4); papers [24–29]; the data of the Azov Fisheries Research Institute (“AzNIIRH”);
the Federal State Institution (FSI) “Azovmorinformtsentr”, expeditionary research [30,31].

Fig. 1. The “ESIMO” portal navigation panel: nitrites in the Azov Sea

Параллельные вычислительные технологии (ПаВТ’2019) || Parallel computational technologies (PCT’2019)
agora.guru.ru/pavt

105



Fig. 2. The Earth satellite sensing data: a) the satellite image of the Azov Sea in ultraviolet
spectrum (visible spots of phytoplankton, revealing the structure of currents); b) the wind

velocity and direction in the Azov-Black Sea basin (http://hobitus.com/noaa)

Results of natural experiments for researching the crude oil destruction in seawater are given
in [10]. Under the experimental results, only 3 – 15% of original amount of crude oil subject to
oxidation, biodegradation, photochemical reactions, while 10 – 40% of substance is evaporated.
According to the [24], the containment time should not exceed 4 hours since oil spill in water,
and 6 hours – at spill on the ground since the discovery of oil spill for providing the information
about spill upon receiving a message about the spill.

Fig. 3. Data of the SRC “Planet”: descryption
of oil pollution in the Azov-Black Sea basin

Fig. 4. Descryption of oil slicks
on the IS3 Envisat radar image

We considered the case if measures are not taken to localize oil spills. According to the
results of natural experiments, the calculated time must be equal to 20 – 30 days. The wind
velocity of 3 – 8 m/s is an ideal for localization the oil pollution. In this case the slicks appear
as dark spots on the bright (rough) water surface (see Fig. 5a). The highest wind velocity was
fixed in November 11, 2007 in Kerch Strait and amounted to 24 m/s according to the Gismeteo
data. Results of numerical experiments of light oil transport simulation in the Kerch Strait on
November 16, 2007 (Fig. 5b) was performed on the basis of the developed SC and used to test
the efficiency of this complex.

Fig. 5. Oil spill simulation by the “Azov3d”’ SC: a) the radar image during the spill;
b) the concentration fields of light oil products
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Further, we schedule to develop a model for calculation the transport of bottom materi-
als [11], [14], as well as the transport of dissolved substances and oil vapor. The three-dimensional
mathematical model of surface aerodynamics is required to develop a model of oil vapor trans-
port. It is also important to consider the influence of dissolved oil to the nature and course of
hydrobiological processes in water [26]. In comparison the calculation results of light oil product
concentration (see Fig. 5b) with radar images of catastrophic oil spill (Fig. 5a) we obtained their
qualitative conformance. The simulation time is 4 days after spill.

Fig. 6 shows numerical simulation of bioremediation process of petroleum hydrocarbons with
the introduction of oil-degrading bacteria in coastal system (the Azov Sea) (N is the number of
iteration).

Fig. 6. Results of the “Azov3d” SC simulation

The initial distribution of light oil fraction is shown in Fig. 6a; the distribution of light
oil fraction (two oil slicks) is shown in Fig. 6b (N = 121). The initial distribution of heavy
oil fraction is shown in Fig. 6c; the distribution of heavy oil fraction concentration (a single
localized spill with the subsidence of oil hydrocarbons to the water bottom) is shown in Fig. 6d
(N = 148).

Simulation time interval is 30 days (Fig. 6b). The decreasing of sorbed oil on 30 – 40%
was obtained in the case of the source oil pollution (two oil slicks). It has corresponded to
the oil distribution process in the water at the qualitative and quantitative levels. Numerical
simulation of the petroleum hydrocarbon phytoremediation process by the water algolization
(the Azov Sea) with the Chlorella vulgaris Beijer green microalgae is shown in Fig. 7.

Fig. 7. Results of the “Azov3d” SC: a) changes of biogenic pollutant concentration; b)
changes of the Chlorella vulgaris Beijer green microalgae concentration (28 days since the
introduction of algae in water). Values of coefficients: µ = 5 · 10−10; v = 10−10; D = 0.001;

Sp = 1; f = 3; τφ = 0.1; φ ∈ {M,S,B}; ε = 0.8; α0 = 0.1; γ = 0.0416
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The verification criterion of the developed models (1) – (4), (5) was the error estimation of
simulation taking into account the available field data measurements, calculated as:

δ =

√√√√
n∑

k=1

(ck nat − ck)2/

√√√√
n∑

k=1

c2
k nat,

where ck nat is the value of harmful concentration, obtained through field measurements [32];
ck is the the value of the grid function, calculated by simulation. is the value of harmful
concentration, calculated by the models (1) – (4), (5). The value of relative error δ was equaled
to 12 – 24% at calculation of contaminant and microorganism concentrations.

6. Conclusion

The three different models for describing the oil products transport in view of evaporation
of light, neutral and no-evaporating pseudofractions of oil slick, dissolution and biodegradation
were developed [30], [32]. The developed model was described all of the above processes. The
usage of regularized schemes [3], [4] for increasing the safety factor of explicit schemes has
been proposed by B.N. Chetverushkin. The approximation of convection-diffusion problem was
performed on the basis of schemes of high-order of accuracy. The experimental software was
developed on the basis of MCS for mathematical modeling the possible scenarios of shallow
waters ecosystems on the example of Azov-Black Sea basin at oil spills. The decomposition
methods of grid domains are used for computationally laborious convection-diffusion problems
in parallel implementation, which are considered parameters of architecture and multiprocessor
systems. The maximum acceleration was equaled to 228.36 times on 512 computational nodes.
The advantages of the developed software is also the use of hydrodynamic models, included the
motion equation for the three coordinate directions.
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